Campylobacters have two similar copies (flaA and flaB) of their flagellin gene. It has been hypothesized that the two copies can serve for antigenic phase variation. Analysis of polymorphisms within aligned multiple DNA sequences of the Campylobacter flagellin genes revealed high pairwise homoplasy indexes between flaB/flaB pairs that were not observed between any flaA/flaA pairings or flaA/flaB pairings. Thus it seems there are constraints on the sequence of flaB that distinguish it from flaA. Nevertheless, segments of the two genes that are highly variable between strains are conserved between the flaA and flaB copies of the genes within a strain. The patterns of synonymous and non-synonymous differences suggest that one segment of the flagellin sequence is under selective pressure at the amino acid sequence level. Another segment of the protein is maintained within a strain by conversion or recombination. Comparisons of strict consensus amino acid sequences did not reveal any motifs that are uniquely FlaA or FlaB, but there are differences between FlaA and FlaB in those amino acids available for post-translational modification. The observed pattern of concerted evolution of portions of a structural gene is an unusual finding in bacteria and should be searched for with other duplicated genes. Concerted evolution was unexpected for genes involved in phase variation since it minimizes the antigenic repertoire that can be expressed by a single clone in the face of the host immune response.
INTRODUCTION
Gene duplication followed by specialization of each copy is thought to be a major mechanism of the evolution of genes (Jensen & Gu, 1996) . Gene duplication initially results in the production of paralogues with a high degree of similarity. In time, each gene accumulates differences or mutations independently of the other copy. Consequently, the genes diverge in their sequences. Duplicate genes with a high degree of similarity presumably either arose recently, or are subjected to selective pressures which maintain the similarity. Concerted evolution is observed when paralogous members of a gene family within a species diverge at a rate slower than the homologous genes in other species. Concerted evolution has been detected in several eukaryotic multicopy gene families (Li, 1997) . This indicates that there are mechanisms to homogenize within a species the sequence of genes that are undergoing concerted evolution. Examples of concerted evolution in bacteria include complete operons such as the rRNA operons (Mattatall et al., 1996) , entire genes such as tufA and tufB in Salmonella typhimurium (Abdulkarim & Hughes, 1996) or catIJF and pcaIJF in Acinetobacter calcoaceticus (Kowalchuk et al., 1995) , and tandem repeats within genes, such as those seen in alpha C protein of group B streptococci (Madoff et al., 1996) .
The genes encoding flagellin in Campylobacter (flaA and flaB) serve as an opportunity to further study gene duplication. The sequences for both flaA and flaB have been published for two isolates of Campylobacter jejuni (Khawaja et al., 1992 ; Nuijten et al., 1990) and one isolate of Campylobacter coli (Logan et al., 1989) . The coding regions for the flaA and flaB sequences were 1722-1731 bases in length and the flaB sequence is separated from flaA by approximately 180 bases. In each pair of genes from a single isolate, flaA differed from the flaB by about 5 %. Variation of each of the two genes from one strain to another was as much as 30 %, with most of the variation concentrated in a central region about a third the length of the gene (Khawaja et al., 1992 ; Logan et al., 1989 ; Nuijten et al., 1990) . We have recently completed DNA sequence analyses of flaA from 15 Campylobacter isolates and verified the presence of a major hypervariable region from approximately base 700 to base 1450, and a short variable region between bases 450 to 600 (Meinersmann et al., 1997) . In Salmonella, nanostructure analyses of the flagellin demonstrated that similar variable regions are located within domains of the protein that are surface-exposed (Yamashita et al., 1995) . We expect that the flagellins from Campylobacter have a similar conformational structure. It has been hypothesized that the second copy of fla serves as a potential donor for reassortment and recombination of the DNA as a mechanism for creating new antigenic variants for immune avoidance (Alm et al., 1993) . Wassenaar et al. (1993) supported this hypothesis by selecting a variant in which flaB apparently replaced a defective flaA. A σ#)-like promoter site has been identified for flaA and a σ&%-like site has been identified for flaB (Guerry et al., 1990 ; Nuijten et al., 1990 ). An inverted repeat suggestive of a transcription terminator was found downstream from the flaA and upstream of the flaB promoter (Khawaja et al., 1992 ; Logan et al., 1989 ; Nuijten et al., 1990) . Different environmental factors appear to affect the separate promoters and, in culture-grown cells, flaB is expressed at a rate lower than that of flaA (Guerry et al., 1990) or not at all (Nuijten et al., 1990) . Insertional mutagenesis of flaA yields cells with a truncated flagellum, greatly reduced motility, and reduced ability to colonize animals (Nachamkin et al., 1993 ; Wassenaar et al., 1991 Wassenaar et al., , 1993 . Insertional mutagenesis of flaB yields cells that have flagella with apparently normal morphology and colonization ability and, perhaps, slightly decreased motility. The high similarity between flaA and flaB in individual strains suggests that duplication of the gene is a relatively recent event. However, given the strain-to-strain variation of the fla genes, this conclusion is not clear. This study was undertaken to determine if patterns of evolution could be determined to explain the maintenance of a pair of highly similar fla genes within each strain of Campylobacter. We expected that the hypothesis that the duplicates provided variants for phase variation was correct and we wanted to determine the extent of variation that mechanism would create. However, the results indicated that the evolution of the flaA and flaB genes in Campylobacter is coordinated. The residues that are predicted to be exposed are conserved between the flaA and flaB of a particular isolate while the same region has a high variability between strains. At the same time, there are specific portions of the sequence that distinguish flaA from flaB and are conserved between strains.
METHODS
DNA sequences. DNA sequences for flaA and flaB for strains VC167, TGH9011 and 81116, and the flaA sequence for strain IN1, were obtained from the GenBank database (accession nos M26945, Z29327, J05635 and X57173, respectively). Sequences for flaA and flaB of strain NCTC 11186 were obtained by  search of the genomic database at the Sanger Centre (http :\\www.sanger.ac.uk\Projects\ C jejuni\). The sequence generation for flaA of the remaining strains has been described previously (Meinersmann et al., 1997) . The GenBank accession numbers are : strain A74\O, AF050184 ; strain D772, AF050185 ; strain D935, AF050186 (flaA) and AF050187 (flaB) ; strain D2290, AF050188 (flaA) and AF050189 (flaB) ; strain D2640, AF050190 ; strain D2677, AF050191 ; strain L17, AF050192 (flaA) and AF050193 (flaB); strain L19, AF050194 ; strain SSU9894, AF050195 ; strain SSU9896, AF050196 ; strain D1118, AF050197. To obtain the DNA sequences for flaB, sequences upstream of flaB were first determined as described below in order to produce additional information on the non-coding intergenic region. Template DNA was generated by PCR using primers that annealed to a conserved portion of the 3h end of flaA paired with a downstream primer that annealed to a conserved portion at the 5h end of the known flaB sequences. The products of these PCR reactions were ligated into a T\A cloning vector and sequenced as described by Meinersmann et al. (1997) . An upstream primer was then designed based on a conserved portion of the intergenic sequence upstream of the flaB start codon. This was paired with a primer that was designed to complement conserved sequence 3h distal to the flaB coding region of aligned sequences for strains VC167, TGH9011 and 81116. These primers were used in a PCR to amplify the entire flaB and a small amount of flanking sequence at both ends under permissive conditions (i.e. with an annealing temperature 5 mC lower than expected optimum), and the products were sequenced as described by Meinersmann et al. (1997) utilizing the same primers as were used for flaA sequencing. The sequences of this final PCR product were used for the flaB data in the analyses described below. Computational analyses. Alignments were made of the DNA sequence of flaA from 16 strains or flaB from seven strains using  (Thompson et al., 1994) and the alignments were manually edited to move gaps inserted by the alignment program so that they did not interrupt the codon reading frame. Alignment scores were either unchanged or improved by such editing. The aligned sequences were analysed with  version 4.0b2a (Swofford, 1999) to reconstruct possible phylogenetic relationships and produce homoplasy indexes [homoplasy index l 1 minus (the minimum possible number of steps between two individuals on a tree divided by the number of steps observed in the reconstructed tree between those two individuals) ; see Discussion for further details on homoplasy]. The aligned sequences were subjected to Sawyer's runs test (Sawyer, 1989) , which looks for substitution patterns that are statistically consistent with recombination events, implemented in the program  version 1.02 (distributed by S. Sawyer at http :\\www.math.wustl.edu\ " sawyer). This program performs the Bonferroni correction of Karlin-Altschul P values, which is the most conservative method of determining the P values. Alignments were analysed in the  program (Reeves et al., 1994) using the algorithm developed by Li (1993) for determining synonymous and non-synonymous substitutions. K S is the synonymous substitution rate and K A is the nonsynonymous substitution rate expressed as the corrected number of substitutions per site. Rates greater than 1n00 are not real, but are due to corrections for possible multiple substitutions at a single site and remain proportional to the rate of neighbouring substitutions. The analyses were performed with a window size of 30 bases (10 codons). Use of longer windows gave less saturated results but the resolution was less than desired. To analyse synonymous and nonsynonymous substitutions from flaA to flaB within strains, the sequences for seven strains were aligned pairwise for each strain, and each pair was analysed with the  program (distributed by Jody Hey, Rutgers University) to show the sites of synonymous and non-synonymous substitutions for each sequence pair. Aligned sequences were analysed with * 4.0b2a (Swofford, 1999) to construct the most parsimonious relationships and the homoplasy indexes were also determined with *. Peptide sequences. The DNA sequences were translated to peptide sequences that were then aligned. One hundred per cent consensus peptide sequences were generated for the aligned flaA sequences and the aligned flaB sequences. Positions in which a consensus was not achieved were marked with an X, unless all the residues were in the same pam250S group of similar amino acids (Dayhoff et al., 1978) , in which case the position was marked 0 for Ala, Gly, Pro, Ser, Thr ; 1 for Asp, Glu, Asn, Gln, Asx, Glx ; 2 for His, Lys, Arg ; 3 for Ile, Leu, Met, Val ; 4 for Phe, Trp, Tyr ; or 5 for Cys. The two consensus sequences were aligned and a new consensus was generated.
RESULTS
The was determined for every pair of all the sequences. It was found that the homoplasy indexes for paired flaB genes were greater than for flaA\flaA or flaA\flaB pairs, both interstrain and intrastrain, except in pairs of the three flaB sequences that were highly similar (Table 1) . D2290, L17 and NCTC 1168 differed by only 2 bp each and are thus expected to have low homoplasy indexes with each other. Analyses were performed to determine the segments of the sequences that contributed to the homoplasy. The alignment of flaA DNA sequences from 16 strains and the flaB DNA sequences from seven of the same strains was subjected to the Sawyer's runs test (Sawyer, 1989) . Using the most conservative method of determining P values, 104 possible gene conversion events were identified with P 0n05. Sixteen of these were between the flaA and flaB of the same strain and the sites of these events are mapped in Fig. 1 . The majority of the postulated recombination events were found in the segment of the flagellin genes that we later identify as Block IV (see below). Possible flaA to flaA interstrain conversion events are also shown and reflect those seen by Harrington et al. (1997) . Patterns of synonymous versus non-synonymous base changes may indicate the nature of selective forces on structural genes. Window analyses of synonymous and non-synonymous base substitutions (Li, 1993 ; Reeves et al., 1994) for flaA and flaB were scored separately and are presented in Fig. 2(a, b) . The areas of sequence variability between isolates of Campylobacter are very similar for flaA and flaB. The sites of intrastrain synonymous and non-synonymous substitutions in the flaA and flaB sequences for each isolate for which data were available for both genes (seven pairs) were analysed and the results are shown in Fig. 2(c) . The  program (distributed by Jody Hey, Rutgers University) gives a precise location of base substitutions and was used to delimit the blocks that are indicated in Fig. 2 . The Block V, base positions 1516 to end. The mean synonymous substitution rate (K S ), non-synonymous substitution rate (K A ) and the K S to K A ratio were calculated for pairwise comparisons (120 interstrain flaA to flaA comparisons, 21 flaB to flaB interstrain comparisons and seven intrastrain flaA to flaB comparisons) for each block and are presented in Table 2 . Because K S and K A calculations become sensitive to window size as the window size gets small (compare data in Table 2 with scales for Fig. 2 , which are for windows of 30 bp), the numbers should be compared across the table and not up and down the columns.
Consensus sequences for the predicted amino acid sequences of flaA and flaB were constructed. Any residue position that did not give a 100 % consensus was scored using the pam250S score for conserved amino acid side chain structure (Dayhoff et al., 1978) . Residues that did not match a conservation group were scored as not having a consensus. The scored consensus amino acid sequences for FlaA and FlaB were then aligned (Fig. 3) . Only 12 strictly conserved differences were observed, i.e. a specific amino acid was found in all the FlaAs and a different specific amino acid was found in all the FlaBs. Six of these 12 differences were pairs of amino acids that were in the same pam250S groups. Four of the 12 differences were within 76 amino acid residues of the amino-terminal end of the protein. The remaining differences were within 62 residues of the carboxyterminus.
DISCUSSION
Homoplasy is considered a departure from random mutations, and this departure may be due to parallel or convergent evolution or evolutionary reversals (Swofford et al., 1996 ; Stewart, 1993) . The homoplasy index is derived from phylogenetic trees to indicate the frequency of matching character states that are not found in putative ancestors. Phylogenetic trees are not usually considered valid lineage reconstructions when paralogous genes are included in the analysis (Swofford et al., 1996) . Nevertheless, our analyses showed that the homoplasy index was a useful tool in this study. The flaA and flaB sequences from the same isolates clustered together in dendrograms (not shown). This is an indication of concerted evolution (Li, 1997) . However, the homoplasy index also revealed associations of flaB between strains. Pairwise comparisons of flaA and flaB sequences within isolates then revealed regions (at least Block IV, defined above) of apparent concerted evolution. The Sawyer's runs test supported this hypothesis by showing that Block IV appeared as a possible recombinant fragment between flaA and flaB in all the strains for which both sequences were available.
The extremely low number of intrastrain flaA to flaB synonymous differences in the region of DNA sequence bases 832 and 1515 between the flaA and flaB of individual strains implies editing or gene conversion with selection at the DNA level (Endo et al., 1996) . The higher level of intrastrain flaA to flaB synonymous differences between bases 244 and 735 suggests selection for conservation at the protein or functional level without gene conversion (Endo et al., 1996) . However, the observed rates for this region could be within the range that might occur in parts of the Campylobacter genome that do not have selection for diversity. No studies of multiple-sequence analyses of Campylobacter housekeeping genes have yet been published that will allow this comparison to be made. From the K S \K A ratios in Table 2 it appears that there is greatest functional constraint on sequence in Block V and the lowest functional constraint in Block II and Block IV. Block IV is the segment that has almost no differences between the flaA and flaB within individual strains. However, even with the degree of variability seen, one constraint that was maintained was the GjC content. The GjC content of the fla sequences from C. jejuni strains used in this study was from 35n0 to 37n2 mol % (mean 36n4 mol %).
Recombinant shuffling of the variable regions of flaA and flaB within a strain would not itself generate interstrain variability with intrastrain conservation. In fact, the rate of concerted evolution is expected to be higher when there are structural constraints (Li, 1997) . Recombination errors that may increase variability should occur at the recombination junctions. If this was occurring with fla, then it is expected that the interstrain variability would be concentrated at the ends of the region that is intrastrain conserved. Alignment gaps were seen that are consistent with illegitimate recombinant events (Jakupciak & Wells, 1999) . However, we have found that interstrain variability is greatest within the segment that is conserved intrastrain, perhaps indicating that the generation of diversity in that region is not recombination-dependent.
Campylobacter is competent for transformation (Wang & Taylor, 1990) and does not appear to be clonal (Aeschbacher & Piffaretti, 1989) . Therefore, it is possible that generation of variability may involve recombinant shuffling of segments of fla between strains. Harrington et al. (1997) presented convincing evidence of interstrain recombination within the flaA gene. There would then need to be a simultaneous or sequential insertion of the new sequence into the analogous segment of the other copy of fla within the strain. Intrastrain recombinant events between the flaA and flaB that cause a loss of the interstrain-conserved regions, i.e. the regions that distinguish flaA from flaB within a strain, would have to be treated as an error and lost (purged). Unequal crossing-over appears to be a prevalent mechanism of concerted evolution in eukaryotes (Li, 1997) . It is unlikely that unequal crossing-over occurs with Campylobacter fla because the mechanism usually involves changes in the copy number. Precision splicing of regions of the genes between flaA and flaB could occur, but putative insertion sequences or chi sequences (West, 1992) that would facilitate such a mechanism were not conserved within the fla sequences examined in this study. Also, recombination between the two copies of the flagellin would have had to invoke some copy-choice mechanism that favoured the low GjC content that is characteristic of the Campylobacter genome. That is to say, if a mutation occurred in one copy of the flagellin that substituted a new G or C, the amelioration process of the two copies would need to favour the A or T copy. Since transitional nucleotide substitutions are biochemically more favoured than transversions (Li, 1997) , failure to do so would drive towards a 50 % GjC content ratio. Alternatively, there may be non-replicative mechanisms for conversion of one fla sequence based on the other fla sequence such as a mismatch repair mechanism. If there was no preference for which version of the gene was maintained, either mechanism, recombination or mismatch repair, might increase the rate of generation of diversity of the genes within a population of the organism. Some progeny of a cell with a mutation in the intrastrain conserved segment would end up with the version that was originally flaA and others would end up with the flaB version. Gene conversion using mismatch repair of the two genes might also allow for simpler mechanisms that could favour adenosine or thymidine. The mean interstrain differences for flaA were slightly higher (about 162 bp difference) than the interstrain flaB differences (about 159 bp). If changes usually occurred first in flaA and are later transferred to flaB, a higher number of interstrain differences would be expected in flaA. That conclusion can not be drawn from the data because the differences are not great enough.
Examination of the amino acid sequence differences between the consensus sequences of FlaA and FlaB may explain why two copies of flagellin are maintained. In the amino acid sequence from residue 290 to residue 480, only 71 of the residues were conserved in the aligned FlaA or FlaB amino acid sequences that were analysed. This is an indication that the flagellin protein has little functional dependence on primary amino acid sequence in that region. This is the region, however, that is maintained between the flaA and flaB within an individual strain and, based on homology with the Salmonella flagellin, is expected to be the bearer of surface-exposed epitopes (Yamashita et al., 1995) . Furthermore, the high homoplasy indexes for flaBs imply a stronger selective pressure on flaB than on flaA. Six of the 12 amino acids that are strictly conserved in each copy of FlaA but differ between FlaA to FlaB represent differences in amino acids that can be O-linked (serine or threonine). Five of these modifiable amino acids are in the carboxy-terminal region. Doig et al. (1996) have demonstrated that Campylobacter flagellins are glycosylated. It would seem that the different copies of the flagellin gene offer the greatest opportunity for antigenic phase variation by changing the glycosylation sites.
Copy-to-copy conversion can increase the mutation rate of the gene by bringing together the mutations from two sites. This would contribute to clonal differences of the organism but at the expense of the ability to have greater phase variation. The advantage of maintaining two copies of the flagellin gene remain unclear, but it would be efficient if they contributed both to function or phase variation and to increasing the genetic pool for producing greater clone-to-clone variation. Presumably, host immune responses would exert selection for diversity that would drive the expansion of new alleles of flagellin. The two independent promoters for flaA and flaB (Guerry et al., 1990 ; Nuijten et al., 1990) would allow a mechanism for phase variation, but the host factors that might activate either promoter are not known.
The pattern of concerted evolution noted in this study is unusual for prokaryotes. Most Salmonella maintain two copies of flagellin genes, fliC and fljB. Okazaki et al. (1993) demonstrated exchange of genetic information between the phase variant flagellin genes fliC and fljB of S. typhimurium after selection against expression of parental fliC epitopes. Neisseria gonorrhoeae uses gene conversion to exchange sequence between the expressed pilin gene and non-expressed pseudogenes (Zhang et al., 1992) . We are not aware of any study to analyse the Salmonella flagellin or Neisseria pilin gene families for concerted evolution.
Concerted evolution is defined as less than expected divergence of copies of genes within an individual than the divergence of the gene from other species (Li, 1997) .
We have demonstrated that concerted evolution of segments of Campylobacter fla appears to occur at a rate that at least equals the rate of clonal divergence. There is no information currently available on the divergence rate of other genes in Campylobacter. Flagellin clearly has a greater diversity than expected for most of the genome. Thus it can be concluded that the intrastrainconserved region (Block IV) in Campylobacter fla demonstrates concerted evolution relative to the remainder of the flagellin gene, but we do not know if this is true relative to the entire genome. The concerted evolution occurring in Block IV must happen by gene conversion events that occur almost as fast as the mutation rate since the Block IV sequences of flaA and flaB are almost identical within a strain.
